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Technical Section

Technical Objectives

a) Obtain a fundamental understanding of the precise mechanisms for complex dislocation-
precipitate interactions.

b) Characterize and quantify morphology of nanoscale 6’ and 6 precipitates in three-
dimensions non-destructively using Transmission X-Ray Microscopy and understand
their evolution and coarsening behavior at high temperatures as a function of time (4D
Tomography).

c) Correlate local mechanical behavior of Al-Cu alloys with their 3D microstructure, by
means of in situ miniaturized mechanical testing techniques like nanoindentation and
micropillar compression.

d) Using a combination of experiments and simulations while also incorporating and
analyzing the relevant microstructural features, e.g., precipitate size and spacing, nature
of interface, and crystallography, determine the optimum microstructure necessary to

obtain desired mechanical properties in model alloys.

Technical Approach

Precipitation-strengthened alloys, such as Al-Cu alloys are ubiquitously used in almost all
structural applications and their superior mechanical performance can be attributed to the
complex distribution of second phase intermetallic particles that precipitate out from the alloy’s
solid solution matrix. These precipitates are the primary strength imparting components of the
alloy and they do so by serving as obstacles to dislocation motion. The mechanical behavior of

these precipitate-strengthened alloys, is controlled by the nature of the particle/matrix interface,



particle size, and subsequent dislocation-particle interactions [1]. If the precipitates are fine and
coherent, precipitate shearing takes place. However, in the overaged condition, the particles are
larger and incoherent with the matrix, so the dislocation attempts to by-pass the precipitate.
Analytical solutions exist that correlate, for example, the stress to bypass the dislocation with the
spacing between particles (L) [2]. Experimental verification of these models is very difficult
because the models assume very idealistic conditions, i.e., no variability between size and
spacing of particles, a single slip plane, etc. More importantly, the bulk alloy consists of a
heterogeneous microstructure, implying that different regions of the material may have varying
particle size, spacing, and even grain crystal structures. It is necessary to be able to conduct
experiments on volumes with controlled particle size and spacing. Furthermore, it is necessary to
characterize the microstructure in these volumes non-destructively and to quantify the evolution
of this structure during deformation non-destructively.

Atomistic, discrete dislocation, and crystal plasticity frameworks can reveal a coupled
relationship between the incipient dislocation interactions and key parameters, such as the
precipitate character (size and spacing), to the material hardening behavior. Atomistic tools have
been used primarily to study strengthening due to coherent precipitates [3], mechanisms
associated with void and precipitate strengthening in alpha-iron [4], precipitate-size effect on the
dislocation core structure [5], and interaction of screw dislocations with Guinier-Preston (GP)
zones [6]. Similarly, discrete dislocation dynamics has been employed to reveal the effect of
solute friction on dislocation-dislocation interactions [7], the role of dislocation character on
bypass and pinning mechanisms [8], and the effect of source and obstacle strengths on yield
stress [9]. In summary, although these studies reconfirmed many classical theories pertaining to
solute strengthening, several unresolved questions remain, particularly those related to the
specific strengthening mechanisms in these alloys and the effect of microstructural length scales
(particle spacing, size, interface coherency, etc.) on the control of macroscopic flow stress. In
this work, we employ atomistic simulations to examine various scenarios of dislocation-
precipitate interactions. Overall, this work aims to provide insights for improving continuum and
discrete dislocation attempts to model precipitate hardened materials. Therefore, the critical
resolved shear stress, 7. is quantified across several scenarios.

The pressing need to have more precise models of structure-property relationships calls for

the need to have a detailed understanding of the microstructure. For this purpose, non-destructive



3D microstructural characterization as well as in situ mechanical testing (4D Characterization)
has been carried out using the new Transmission X-ray Microscope (TXM) of the Advanced
Photon Source (APS) at sector 32-ID-C in Argonne National Laboratory, to perform absorption

full-field nano-computed tomography (nano-CT) at a spatial resolution of sub-60 nm.

Experimental methods

The schematic of the Transmission X-ray Microscope is shown in Figure 1(e). A monochromatic
beam at 9 keV was utilized to acquire 2D projections. Choice of beam energy (9.1 keV) was
made from the contrast between the two phases (beyond Cu K-edge at 8.96 keV) in the X-ray
mass attenuation co-efficient plot. A single-capillary optic with a diameter of 435 um (beam
acceptance of 0.097 mm?) developed at Cornell University, was used as the condenser to focus
X-rays onto the sample. The condenser divergence matches the numerical aperture of a 180 um
large Fresnel zone plate with 60 nm outer most zone width, which was used as a microscope
objective lens to magnify radiographs of the sample placed on a high accuracy air-bearing rotary
stage. A magnification of ~47 was obtained with the distance between the CCD and sample set
to 3.4 m. The X-ray detection system comprised of an assembly of a LUAG scintillator, a 10X
microscope objective, a 45° mirror and a low-noise fast CCD cooled at -40 °C. The field of view
was about 30 x 40 pm? in this geometry and a voxel width of 16.6 nm was achieved, while the
illumination coming from the beam-shaping condenser (BSC) was a disk slightly larger than 70
pum. 3D reconstructions were performed using the software Tomopy, an open source Python
based toolbox used to analyze synchrotron tomography data. The stack of tomograms thus
obtained were then carefully processed in ImageJ using a series of different filters to reduce
artifacts and noise. This enabled smoother segmentation of precipitates, which was performed in
3D using Avizo® Fire.

99.999% pure Al-4wt.% Cu samples in wire form (0.5 mm diameter) were solutionized
for 24 hours at 535 °C to ensure presence of large grains and subsequently aged at two different
temperatures, 350 °C and 400 °C, to study precipitate evolution. Choice of such high aging
temperatures restricted our study mainly to the 6’ and 6 precipitates. The straightened wires were
mechanically polished carefully to a sharp tip, so as to fit in the microscope’s field of view. The

relatively low X-ray energies utilized also restricts the thickness of the sample that can be



analyzed. Due to the instrument’s limited depth of field too, micropillars roughly 20 pum in
diameter and 40 um in length were fabricated at the tips of sharpened wires using a dual-beam
Zeiss® Auriga focused ion beam (FIB) workstation, as shown in Figure 1(a). For post-scanning
analysis using EBSD, the tips of the samples were cross-sectioned using the FIB at an
accelerating voltage of 30 keV and using a current of 1 nA. EBSD was performed on these flat
sections, using a step size of 0.5 um to identify the grain orientation of the a-Al matrix. TSL®
OIM data collection and analysis software was used to analyze the acquired EBSD data.
Al-4wt.%Cu wire samples were mounted and polished flat metallographically up to a 0.05
um colloidal silica finish and subsequently used for microscale testing. These samples were
solution treated for long times to ensure large grain sizes, so as to eliminate any heterogeneity
arising from crystallographic orientation. The micromechanical testing route included fabrication
of micropillars (4 um x 12 pm) on a particular grain, uniaxial compression of these pillars
followed by heating the sample at 350 °C to resume the aging process and repeat the above
procedure for different aging times. This was performed to obtain the variation in stress-strain
response for different aging times. A Ga' ion beam, at an accelerating voltage of 30 keV, was
used at a range of currents, starting with 16 nA to mill out a trench to provide clearance for the
nanoindenter’s flat punch tip, leaving behind a coarse pillar of about 10 pum in diameter. The size
of the coarse pillar was then reduced using currents of 4 nA and 1 nA. Subsequent final thinning
was performed at 0.1 nA. The final milling step using a fine current ensured the minimization of
taper (<2°) and also minimized the damage that could prevail from the use of the Ga* ion beam.
A thin layer of platinum deposited using EBID (Electron beam-induced deposition) prior to
milling also ensured minimization of taper and rounding at the micropillar’s top surface. The size
of the pillars were intentionally chosen to be quite large, so as to avoid any effects of Ga’
damage on mechanical properties, caused due to FIB milling. It was also ensured that the size of
the pillars chosen were representative of the bulk microstructure. Fabrication using the annular
milling technique ensured Ga* ion impact with only grazing incidence. The size of the damage
layer on either side was quantified using a TEM specimen of a micropillar’s cross-section. This
damaged amorphous layer at the surface was found to be relatively small (~8 nm). Accounting
for the size of the micropillars, it can be safely concluded that the damage layer from grazing
incidence of the Ga* beam will have minimal impact on the mechanical properties measured

using micropillar compression.



Micropillar compression was performed using a commercial Nanoindenter (XP, Agilent
Technologies, AZ) using a diamond indenter tip with a flat square cross-section (10 um x10
pm). A cyanoacrylate based adhesive was used to mount the sample onto an aluminum stub. A
constant displacement rate of 7 nm/s was used to maintain a nominal strain rate of ~10° s™. The
experiments were initiated when the thermal drift fluctuations reduced to a value below 0.05
nm/s. The top diameter of the micropillars was used for the calculation of stress. The post-
deformed pillars were analyzed at a 35° tilt using scanning electron microscopy (SEM).

To observe the interaction of dislocations with the nanoscale precipitates, a TEM sample
was prepared using the standard FIB lift-out technique. A representative micropillar at the initial
aging condition (t= 45 mins), compressed to its yield point, was used for this purpose. TEM
investigation was performed in an aberration-corrected FEI 80-300 Titan™ operated at 300 kV.
NanoFlip, an in situ Nanoindenter (Nanomechanics, Inc., Knoxville, Tennessee) was installed in
the dual-beam Zeiss® Auriga focused ion beam (FIB) workstation to carry out in situ micropillar
compression.

To further understand their mechanical behavior and the evolution of damage in situ in
3D, a compact Nanoindentation system was designed to carry out micropillar compression at
regular intervals post-scanning at the Transmission X-ray Microscope (TXM) of the Advanced

Photon Source (APS) at sector 32-ID-C in Argonne National Laboratory.

Experimental results
4D Microstructural characterization using Nano-CT at 350 °C

The wire samples were scanned about their longitudinal axis. Presence of large grains
ensured that the study of evolution was restricted to within a single grain. Transmission X-ray
Microscopy allowed characterization of the same volume of nanoscale precipitates during
evolution. Z-projection tomogram obtained after 3D reconstruction has been shown in Figure
1(c). Accurate 3D measurements of length, thickness, aspect ratio and precipitate shape can be
made using these results. For several decades, experimental measurements have been made using
transmission electron microscopy to understand the thickening and lengthening Kinetics of
precipitates and reconcile these observations with various theories but however, precise

measurements have not been possible due to the destructive as well as 2D nature of this



technique. There is also quite some disagreement regarding the growth rate exponent for

thickening & lengthening and the size-distribution plots do not seem to conform exactly to

theoretical predictions. Such discrepancies can be overcome with nano-computed tomography,

which serves as a new paradigm to answer these fundamental questions.
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Figure 1: (a) SEM micrograph showing a
micropillar (30 um x 50 um) fabricated at
the tip of Al-4wt.%Cu wire. (b) SEM
micrograph showing a magnified view of
the micropillar’s surface (shown in a)
where precipitates as well as a grain
boundary are visible. (c) 2D slice from a
reconstructed dataset (T=350 °C, t=45
mins) showing a cross-sectional plane of
view (depicted in a) from within the
micropillar. The grain boundary, different
phases (6’ and 0) as well as the precipitate
free zone (PFZ) have been highlighted. (d)
Schematic illustrating the  different
transformation reactions occurring in the
bulk during aging at 350 °C. (e) Schematic
of the TXM used for 3D characterization at
APS [10].

A spatial resolution of 60 nm on the TXM ensured that the 0’ precipitate morphology could be

captured in its early stages, where they assume a plate-like shape. A motley of precipitate sizes

and shapes were observed in the Al-Cu alloy aged at 350 °C. Combination of different

morphologies of precipitates can also be seen to coalesce. The 0’ precipitates primarily exist as



orthogonally oriented plates, while the 6 precipitates are more needle/lath-like and randomly
oriented. Figure 2 shows the 3D rendering of the microstructure for different aging times from a
region sampled near a grain boundary in the scanned micropillar. The Volume fraction of 6’ was
seen to reduce and that of 0 increased. The 3D tomography data allowed us to visualize these

bulk transformation reactions.
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Figure 2: 4D Microstructural characterization at 350 °C. 3D rendering of microstructural
evolution (of 6" and 0) with aging time has been depicted. The volume fraction of 0 is seen to
increase while that of 6" decreases. Heterogeneously nucleated 0 phase at the GB (grain

boundary) has been shown in red.

Laird and Aaronson [11] were able to observe some of the transformation sequences occurring in
an Al-Cu alloy using a hot-stage specimen holder in a TEM. But the true nature of these
transformations were masked due to the foil nature of the specimen, as interaction on only a
single plane of view was captured. For instance, one of the most commonly observed reactions in



their study was the dissolution of 0’ and the growth of 6 without actual contact but by
countercurrent diffusion of aluminum and copper through the a matrix. However, our study has
been able to show otherwise. Although diffusion through the matrix does play a role in
dissolution and growth of precipitates, 0 is generally seen to nucleate and grow from 0'- 6’ or 9'-
0 intersections and this can be easily missed when viewed in 2D due to the precipitate’s complex
morphology. The nucleation of 6 was most commonly seen to occur at 0'- 0" intersections
(Reaction 1) and its growth occurred at the expense of these 0’ plates, eventually causing them to
split up and shrink. This can have a key impact on the alloy’s mechanical properties due to a
transition in the interfacial structure of precipitates (8’ to 0) and the precipitate density. Less
commonly, 6 was also seen to nucleate from 0'- 0 intersections (Reaction 2) and a smaller
proportion of 0’ plates directly transformed into morphologically similar 6 plates (Reaction 3).
Another important observation is the dissimilarity in dissolution/growth rates of individual

precipitates. This highlights the heterogeneity in diffusional interactions, which is a direct result

.

of the local spatial distribution of precipitates.
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Figure 3: 3D rendering of different transformation reactions (6’ to 0) occurring during aging at
350 °C. (a) Nucleation and growth of 6 from 0'- 0’ intersection. (b) Nucleation and growth of 0

from 0'- 6 intersection. (c) Varying dissolution rates of different 6’ precipitates.

The unique ability to measure and track an individual precipitate’s dimensions in 3D also
allowed us to estimate the bulk diffusion coefficient (Dyui) of Cu in Al, by employing the Zener-

Hillert expression[12], [13],
7

T P (1)

where Ryp is tip radius of the 6 needle (~half of its width), v is its growth velocity, R¢ is the

critical radius of curvature (which can be assumed to be 0.5Ryi, [12], [13]), Xpui i the bulk Cu

7

concentration in the alloy, @ * is the equilibrium concentration of Cu at the a/0 interface and Xg

is the concentration of Cu in 6 phase. Dy, was found to be on the order of 1071% m?/s, which is
again in excellent agreement with values computed using other techniques [14]. It must also be
noted that lengthening rates measured in the TEM vyielded diffusivity values [11], [15] on the

order of 10™** m?/s, where an obvious influence of surface diffusion is apparent.

4D Microstructural characterization using Nano-CT at 400 °C

Coarsening has been widely observed in a variety of particle-dispersed systems, where
the system strives to attain thermodynamic stability by minimizing the total surface energy of the
ensemble. The LSW theory, put forth by Lifshitz and Slyozov [16] and Wagner [17], has been
able to explain the diffusion-controlled Ostwald ripening process in great mathematical detail. It
predicts the Kinetics of the coarsening process (where mean radius of the particles obey a cubic
growth law) and the scaled precipitate size distributions (PSDs) to be time invariant. However,
application of this theory on metallic systems has been largely debated since its inception and
hence, several modifications [18]-[20] were put forth that were able to better address the misfit
between experiments and theory. It must also be noted that most of these studies focused on
modifying the LSW theory to account for the apparent deviation, while little attention has been
paid to the experimental techniques used to validate the theory. It can be stereographically quite

challenging and sometimes nearly impossible to extract accurate particle dimensions from 2D















































































































